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Cryogenic mirrors have been introduced to the KAGRA gravitational wave telescope in Japan,
and are also planned to be used in next-generation gravitational wave telescopes to further improve
their sensitivity. Molecular gases inside vacuum chambers adhere to cold mirror surfaces because
they lose their kinetic energy when they hit cryogenic surfaces. Finally, a number of adsorbed
molecules form an adlayer, which will grow with time. The growing adlayer functions as an optical
coating and changes the properties of the underlying mirror, such as reflectance, transmittance, and
absorption, which are carefully chosen to maximize the detector sensitivity. The adlayer possibly
affects the gravitational wave detector sensitivity. In order to characterize these changes, a high-
finesse Fabry–Perot cavity was introduced to a KAGRA cryostat and the finesse of the cavity was
monitored for 35 days under cryogenic conditions. We confirmed that the molecular adlayer was
formed on a cold mirror and caused an oscillation in the finesse. The real and imaginary parts of
the refractive index of the adlayer were 1.26±0.073 and 2.2×10−7±1.3×10−7, respectively. These
are considered to be that of H2O molecules. The formation rate of the molecular adlayer was 27
± 1.9 nm/day. In this paper, we describe theoretical and experimental studies of the formation of
a molecular adlayer on cryogenic mirrors. Furthermore, the effects of a molecular adlayer on the
quantum noise and the input heat to the test mass are also discussed.
I. INTRODUCTION
Gravitational waves (GWs) from binary black hole
mergers were detected by the Advanced Laser Interfero-
metric Gravitational wave Observatory (LIGO) and Ad-
vanced Virgo [1]. However, higher sensitivities are es-
sential to reveal the nature of GWs [2], the evolution of
black holes [3], the Hubble constant. The sensitivity of
an interferometric gravitational wave detector (GWD) is
mainly limited by certain noises, such as photon radia-
tion pressure noise, photon shot noise, and thermal noise.
In particular, mirror and suspension thermal noise limit
the most sensitive frequency band from 10 to 100 Hz
[4]. In order to achieve higher sensitivity, the improve-
ment of thermal noise is essential and certain solutions
have been proposed, such as the introduction of larger
mirrors, coating films that have high mechanical qual-
ity factors [5], and a Fabry–Perot (FP) arm cavity that
resonates higher-order modes inside [6] for instance. Ad-
ditionally, the introduction of cryogenic mirrors and sus-
pensions is also one of the ways to reduce thermal noise.
In contrast to LIGO and Virgo, KAGRA [7, 8] introduces
cryogenic techniques for this purpose by using sapphire
substrates for test masses and sapphire fibers for suspen-
sion wires because of its advantage of thermal conduc-
tivity and mechanical Q factor at cryogenic temperature
[9, 10]. Silicon also has these features [11, 12] and LIGO
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plans to introduce 120 K silicon mirrors in their future
upgrade [11], and Einstein Telescope (ET), the European
next-generation GWD, also plans to introduce cryogenic
mirrors [13, 14].
In order to practically introduce cryogenic techniques for
the thermal noise reduction in KAGRA, several proper-
ties of sapphire have been measured and tested at cryo-
genic temperatures as one of the candidates of the ma-
terial for mirrors and fibers [15, 16]. Ultralow-vibration
cryocoolers [17, 18], heat radiation shield ducts with baf-
fles [20], and pure aluminum heat link wires were also
developed.
The mirror reflectance changes due to the adsorption of
vacuum residual gas on a cold mirror surface, which is
the so-called cryo-pumping effect. This has only been
experimentally estimated on a small-scale cryogenic sys-
tem [21]. A number of adsorbed molecules make an
adlayer on a top of the cold mirror coating layers and
cause changes in the mirror coating properties, such as
reflectance, transmittance, and absorption depending on
its properties and thickness. These effects can decrease
the sensitivity of GWDs depending on the thickness of
the adlayer. In order to characterize the adsorption pro-
cess and to estimate the effects of adlayers on the KA-
GRA, we theoretically and numerically predicted the ad-
layer formation speed and its effects on a cooled mirror.
Furthermore, we directly measured the formation of an
adlayer on a cooled mirror using an optical cavity and dis-
cussed the possible reduction methods and the impacts
on GWDs.
This paper is structured as follows. First, we introduce
2the adlayer formation on a cooled mirror theoretically
and then we show the result of the simulation of the
adlayer formation on the KAGRA cryogenic mirrors in
Sec.II A. Then, the effects of the adlayer as a mirror coat-
ing are theoretically discussed based on the thin film the-
ory in Sec.II B. The details of the experiment are sum-
marized in Sec.III and the results are given in Sec.IV.
Finally, in Sec.V, we discuss the method to decrease the
molecular adlayer formation on cooled mirrors and the
impacts of the adlayers on GWDs.
II. THEORY AND SIMULATION
A. Molecules transfer and adlayer formation rate
simulation
First, let us consider the molecular accumulation rate
on a cryogenic mirror surface. The molecular volumetric
incident flux density J in a vacuum chamber with vacuum
pressure P is given by kinetic theory as :
J =
P√
2pimkBT
kBT = P
√
kBT
2pim
Pa m/s, (1)
where m is the mass of a molecule, kB is the Boltzmann
constant, and T is the temperature of the molecules. The
number of molecules in a cryostat is less than that in
a room-temperature vacuum duct, because the cryostat
works as a type of vacuum pump. The molecules in the
vacuum duct move to the cryostat to compensate the
vacuum pressure difference. When molecules are trans-
ported from the long vacuum duct, the volumetric flow
rate Q is defined as Q = C∆P , where C and ∆P are the
conductance and pressure difference of the vacuum duct,
respectively. If the pressure inside the vacuum duct is
sufficiently low and the molecules do not interact with
each other, the conductance of a circular straight duct is
written as [23]:
C =
2pir3
3L
√
8kBT
pim
m3/s, (2)
where r and L are the radius and length of the duct,
respectively. Then, the total volumetric molecular injec-
tion rate Qtot is described as :
Qtot = JS + C∆P
=
√
kBT
2pim
PS +
2pir3
3L
√
8kBT
pim
∆P Pa m3/s, (3)
where S is the area of the cryogenic surface. The pres-
sure level inside the cryostat is quite low, and thus the
first term of Eq.(3) is neglectable.
In the case of real vacuum ducts such as KAGRA or
other GWDs, it is difficult to express the conductance
of the vacuum system with a simple equation such as
Eq.(2). To estimate the conductance of such a compli-
cated duct, a Monte Carlo (MC) simulation works well
FIG. 1. Schematic view and structural dimensions for the MC
simulation. The particles were injected from the left edge sur-
face of the room-temperature duct and the particles that hit
the virtual target were counted. The adsorption probability
at the room-temperature beam duct was set to be zero, ex-
cept for the vacuum pump parts, and set to be one for the
cryogenic duct.
[24]. The conductance can also be described as C = C0Γ,
where Γ is the transmission probability of the duct and
C0 = r
2
√
pikBT/2m is the opening conductance. In the
MC simulation, the transmission probability Γ, which is
the ratio of particles between the input and output, can
be numerically obtained.
The adlayer formation rate can be defined by the num-
ber of adsorbed molecules on a cryogenic mirror per
unit time. The probability of molecule adsorption, the
so-called sticking coefficient, on cold surfaces for water
molecules is almost unity below the freezing point [26].
Then, the growth rate of the molecular adlayer η is:
η = K
mQtot
SρkBT
∼ KmC0Γ∆p
SρkBT
m/s, (4)
where K is the geometrical factor, which is the prob-
ability of molecules hitting the mirror surface through
the cryogenic duct and ρ is the density of the molecules.
Usually, the percentage of the water molecules in vacuum
chambers is large and the water molecules slowly accumu-
late on the cryogenic mirror surface. In such a situation,
the water molecules form a low-density amorphous state
(LDA), which has a density of ρ = 0.82 g/cm3 [27].
In order to evaluate the molecular accumulation rate by
the MC simulation, Molflow+, which is a MC simula-
tor package developed at CERN [28], was used. Fig-
ure 1 shows the schematic view and the structural di-
mensions for the MC simulation. In this simulation, the
particles were injected from the left edge surface of the
room-temperature duct illustrated in Fig.1, and the par-
ticles that hit the vacuum pump and the cryogenic duct
surface were assumed to be perfectly adsorbed. Then,
the number of particles that come through the cryogenic
duct were counted. The geometrical factor K was also
obtained with this simulation. The values of each pa-
rameter obtained from this MC simulation, assuming the
KAGRA vacuum duct, are summarized in Table I. Ac-
cordingly, the adlayer growth rate η was calculated to be
42 nm/day for the LDA state of the water molecules.
3TABLE I. Results of Monte Carlo simulation
Name Symbol Unit
Geometrical factor K 0.014 -
Transmission probability Γ 0.00139 -
Opening conductance C0 116.6 m
3/s
Conductance C 0.162 m3/s
Pressure difference ∆P 6.9 × 10−6 Pa
Layer formation rate η 42 nm/day
B. Molecular adlayer as an optical coating
In GWDs, various mirrors that have different re-
flectances are used according to their roles. A multilayer
coating technique is used to control the reflectivities of
these mirrors. A multilayer coating film is composed of
low- and high-refractive-index materials that are stacked
alternately, and the refractive index and thickness of each
layer determine the reflectance for specific laser wave-
lengths [29]. To calculate the reflectance or transmit-
tance of a multilayer coating film, a characteristic matrix
is used. In the case of materials with a complex refractive
index Ni and mechanical thickness di, the characteristic
matrix is described as:
Mi =
[
cos δi i sin δi/Ni
iNi sin δi cos δi
]
, (5)
where δi = 2piNidi/λ is an optical phase shift induced in
one layer. The total matrix Mtot and its elements mij
are defined as:
Mtot =M1 ·M2 · · ·Mn−1 ·Mn
=
n∏
k=1
Mk =
[
m11 im12
im21 m22
]
. (6)
The characteristic matrix of a multilayer coating film is
given as: [
B
C
]
=
[
m11 im12
im21 m22
] [
1
nm
]
, (7)
where B and C are elements of the characteristic matrix,
and nm is the refractive index of the substrate material.
Eq.(7) gives the Fresnel coefficient of reflected light as
ρ = (n0B − C) / (n0B + C). The Fresnel coefficient di-
rectly leads to the power reflectance of light as R = |ρ|2.
Accumulated molecules form an adlayer, which has re-
fractive index value. This means that the adlayer works
as an optical coating. In order to include its effect, one
can add the characteristic matrix of the molecular ad-
layer in Eq.(6). If there is an adlayer on the top of the
multilayer coating film, the reflected light from the top of
the growing adlayer and the existing multilayer coating
repeat the constructive and destructive interference ac-
cording to the adlayer thickness. This optical interference
results in an oscillation of the reflectance. In addition to
this, the reflectance inevitably decreases because of the
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FIG. 2. Reflectance changes induced by molecular adlayer
growth. Depending on the adlayer thickness, the reflected
light from the top of molecular layer and multilayer coating
repeat constructive and destructive interference. As a result,
the reflectance of the mirror oscillates. The amplitude of this
oscillation is maximized when the amplitudes of the two re-
flected lights are same, and the absorption in the molecular
adlayer decreases the reflectance gradually. The blue line and
red dashed line show the calculation results with coatings that
originally have power reflectances of 99.95% and 99.7%, re-
spectively.
optical absorption inside the molecular adlayer. Figure 2
shows an example of the reflectance with a growing ad-
layer of water molecules. The total reflectance of the mir-
ror oscillates owing to continuous change in the interfer-
ence condition depending on the adlayer thickness. The
amplitude of the reflectance oscillation is approximately
determined by the ratio between the reflected light power
from the top of the adlayer and the multilayer coating
film. Therefore, the amplitude is maximized when the
amplitude of two reflected lights are almost equal. Be-
cause the amplitude reflectivity of the water adlayer is
approximately 10%, a multilayer coating film that has
an amplitude reflectance of approximately 10% is signif-
icantly affected by the molecular adlayer.
III. EXPERIMENTAL METHOD
In order to estimate the reflectance change due to the
adlayer on a cryogenic mirror, a FP cavity was installed
inside the KAGRA cryostat and cooled to approximately
47 K. The sharpness of the FP cavity resonance is eval-
uated by its finesse F :
F = pi
√
r1r2
1− r1r2 , (8)
where r1 and r2 are the amplitude reflectances of the FP
cavity mirrors. As explained in Sec.(II B), the molecu-
lar adlayer changes the mirror reflectance, transmittance,
and absorption of light according to its complex refractive
4index, density, and thickness. Therefore, by monitoring
the change in finesse, these material properties can be
estimated and the component of the adlayer can be iden-
tified.
There are several methods to measure the finesse. For
example, the ringdown method [30], cavity transfer func-
tion method [31, 32], and doppler effect method [33]. In
this experiment, the ringdown method was used to re-
duce the measurement time and to avoid heating up of
the mirror due to absorption.
A. Ringdown method for finesse measurement
By injecting intensity-modulated laser light with rect-
angular waves, the transient response of the FP cavity
can be observed in the transmitted light from the FP cav-
ity. The time constant (or the optical storage time) of the
FP cavity can be obtained from this transient response
curve. This method is called the ringdown method. The
relation between the time constant and the finesse F of
a FP cavity is described as:
τs =
2L
pic
F , (9)
where τs, c, and L are the time constant, speed of light,
and length of the FP cavity, respectively. The transient
response curve depends on the modulation depth β of the
injected laser power. The incident laser beam field Ei(t)
with a modulation of the rectangular waves at t = 0 can
be written as:
Ei(t) =
{ |Ei|eiωt t < 0
|Ei − β|eiωt 0 ≤ t , (10)
where ω is the angular frequency of light. The transmit-
ted laser beam field Et(t) is calculated by considering the
transient response:
Et(t) = Et(0)−HFPβ
(
1− e− tτs
)
, (11)
where HFP is the ratio of the injected and transmitted
laser power to the FP cavity. Hence, the power of the
transmitted light can be written as:
Pt(t) =
{
|HFP|2
(
|Ei|2 − 2 |Ei|β
(
1− e− tτs
))
(β ≪ 1)
|HFP|2 |Ei|2 e−
2t
τs (β ∼ Ei),
(12)
Consequently, we can obtain the time constant from the
transient response for any modulation depth. In this ex-
periment, the incident laser beam was completely shut
down by an acoustic optic modulator (AOM). Hence, the
modulation depth was the same as the amplitude of the
injected laser electric field and the detectable time con-
stant was τs/2.
subsectionKAGRA cryostat and vacuum systems KA-
GRA has four cryostats to cool sapphire test masses in-
side. In this experiment, one of the cryostats was used.
Figure 3 shows an image of the setup around the KA-
GRA cryostat with six cryocoolers, two radiation shield
ducts extended from the cryostat in opposite directions
and vacuum ducts connected with these radiation shield
ducts. The lengths of the vacuum and cryogenic ducts
are 12 m and 5 m, respectively. A KAGRA cryostat
has four pulse-tube refrigerators: two cryocoolers cool a
sapphire mirror and its suspension system and the other
two cryocoolers cool two-layer thermal radiation shields.
The 5 m of radiation shield ducts, which are called the
cryogenic ducts, have two 80-K refrigerators [18]. A set
of dry and turbo-molecular vacuum pumps was attached
at the middle of the vacuum duct on each side and a
vacuum gauge was also attached. The vacuum pres-
sure reached 7.9 × 10−4 Pa before starting cool. After
a sufficient pumping duration, the entire cryogenic sys-
tems were cooled down, and the vacuum pressure reached
6.0 × 10−6Pa at the middle of vacuum duct. Figure 4
shows the vacuum pressure and the temperature change
around the FP cavity that was set inside the cryostat.
During the finesse measurement, the components of
residual molecules were also monitored by a mass spec-
trometer attached near the cryostat. The main detected
molecules were H2O, O, and OH, where O and OH can
be generated from H2O. Because the partial pressure of
H2O molecules at 50 K is so low, it is easily predictable
that most of the H2O molecules were adsorbed on cryo-
genic parts including mirror surfaces of the FP cavity.
FIG. 3. Drawing of setup around the KAGRA cryostat. Dur-
ing the experiment, the vacuum duct is separated by gate
valves, which are placed at 17 m from the cryostat. The
lengths of the vacuum and cryogenic ducts are 12 m and 5 m,
respectively. There are six pulse-tube refrigerators for a KA-
GRA cryostat. Four 4-K refrigerators are used to cool mirror
and cryostat, and two 80-K refrigerators are used to cool two
5-m cryogenic ducts [18]. A set of dry and turbo-molecular
vacuum pumps is attached at the middle of vacuum duct on
each side and a vacuum gauge was also attached. To iden-
tify the type of residual molecules, a mass spectrometer was
attached near the cryostat.
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FIG. 4. Vacuum pressure and temperature change around the
FP cavity. The blue line and three green dashed lines show
the temperature of FP cavity, bottom of 8-K radiation shield,
cryogenic duct, and bottom of the 80-K radiation shield, re-
spectively. The red line shows the pressure measured at the
middle of the room-temperature beam duct. The position of
the vacuum gauge is shown in Fig.3. Finally, the vacuum
pressure reached 6.0× 10−6 Pa after the cooling process was
complete.
B. Fabry–Perot cavity and optics
Figure 5 shows the design of the FP cavity. The
spacer is made of 316L stainless steel and the cavity
length is 17 cm. The spacer has side windows to expose
a cavity mirror to the beam duct from where molecules
come. The other side of the mirror did not face the
room-temperature area, and thus the molecular adlayer
is formed only on the former mirror. The temperature of
the FP cavity was monitored by a thermometer attached
near the target mirror in Fig.5.
Figure 6 shows the experimental setup of the finesse
measurement of the FP cavity. In order to adjust
the height of the FP cavity mirrors to that of the
KAGRA sapphire mirrors, the FP cavity was set on
a stainless-steel table, and connected to the bottom
of the inner radiation shield of the cryostat by pure
aluminum heat links to maintain sufficient thermal
conductivity. The Pound–Drever–Hall (PDH) method
was utilized to keep the laser light resonating inside the
FP cavity. The error signal was fed back to the laser
frequency tuning PZT. To shut down the input laser
power quickly and completely, an AOM was introduced
and the first-order laser beam was injected to the
FP cavity. The time constant (τs) of the FP cavity
was measured by monitoring the transmitted light,
which includes the transient response of the FP cavity,
with a high-speed photodetector. It was confirmed
that the shutter speed of the AOM and the response
of the photodetector were lower than the expected
time constant of the FP cavity. The time constant of
the FP cavity was measured to be τs = 17.7 ± 0.75 µs
and the resulting finesse was 49000±2100 before cooling.
FIG. 5. Design of the FP cavity. The spacer is made of 316L
stainless steel and the cavity length is 17 cm. This spacer has
a side window to expose the target cavity mirror to the room-
temperature beam duct, from where molecules come. The
other side of the mirror did not face the room-temperature
area, and thus the molecular adlayer is formed only on the
former mirror and the change of finesse is induced by the
adlayer on the target mirror. The temperature of the FP
cavity was monitored by a thermometer that was attached
near the target mirror.
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Beam dumpAOM
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FIG. 6. Experimental setup. Input optics were constructed to
control the laser frequency to maintain the resonance of the
FP cavity and to shut down the injected laser beam rapidly
by the AOM. The injection angle of the laser to the FP cavity
is approximately 30◦ tilted from the beam axis of KAGRA.
FI: Faraday isolator, AOM: acoustic optic modulator, EOM:
electro optic modulator, PDrefl: photodetector to detect the
reflected light from the FP cavity, PDtrans: photodetector to
detect thfe transmitted light from the FP cavity.
IV. RESULTS
Figure 7 shows a typical ringdown signal from the FP
cavity. The blue line and the red dashed line show the
measured data and the fitting curve, respectively. The
ringdown signals were taken by a photodetector to mon-
itor the transmitted laser power from the FP cavity and
the time constant was obtained by fitting the ringdown
data. The finesse values derived from the measured
ringdown signals of the FP cavity are shown in Fig.8.
The finesse was calculated according to Eq.(9), assuming
6L = 17 cm. In Fig.8, the blue circles show the average
finesse during a day and the error bars correspond to the
statistical errors. To calculate the average finesse and
statistical error, 20 times of the ringdown measurements
are used. The red line shows the fitting line and the fit-
ting results are summarized in Table II.
The difference in finesse before and just after cooling is
expected to be due to the initial huge amount of molec-
ular adsorption or the FP cavity axis change induced
by the thermal shrink of the rigid spacer. These two
effects cannot be distinguished by this measurement. Af-
ter reaching a stable cryogenic temperature, the temper-
ature fluctuation of the FP cavity was 0.03 K. Therefore,
the cavity length fluctuation induced by the tempera-
ture fluctuation was too small to explain the measured
reflectance oscillation. As shown in Table II, the calcu-
lated sticking rate of molecules to the mirror is 27 ± 1.9
nm/day. The real and imaginary part of refractive index
of the adlayer was 1.26±0.073 and 2.2×10−7±1.3×10−7.
The real and imaginary part of the refractive index of
the Ih state of water for 266 K are reported as 1.32 and
1.22 × 10−6 [19]. The real part of the measured refrac-
tive index is comparable with the reported value, but
there are about 5 times of difference in the imaginary
part of the refractive index. The refractive index of the
LDA state of the water could be changed depending on
its formation process [26], and the study of the complex
refractive index for the LDA water have never completed
for 1064 nm of the wavelength. In order to determine the
refractive index of the LDA water for 1064 nm of wave-
length more precisely, a further experiment is needed.
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FIG. 7. Sample of the ringdown signal. The injected laser
power was turned off at 0 s by the AOM and the stored laser
power started to decrease. The blue line and the red dashed
line show the measured ringdown signal and the fitting curve,
respectively. In this case, the time constant was 8.2 µs, which
means that the FP cavity had a time constant of τs = 16.4
µs.
FIG. 8. Estimated finesses. The light gray and the dark gray
areas show the periods when the temperature of the FP cav-
ity was 300 K and 47 K, respectively. The blue circles are the
averaged finesses and the error bars indicate the statistical er-
ror. To calculate the average finesse and statistical error, 20
times of the ringdown measurements are used. The red curve
is the fitting line. In order to calculate the original coating
of a mirror, the materials with low and high refractive index
were stacked on a fused silica substrate alternately and the
parameters of SiO2 and Ta2O5 were used for the materials.
Each layer has a quarter wavelength of optical thickness and
the total number of the quarter-wavelength layers is 38. In
this fitting function, the molecular adlayer was stacked on this
coating and the adlayer formation speed, initial phase, initial
optical loss, and complex refractive index were the fitting pa-
rameters.
V. DISCUSSIONS
The simulation discussed in the Sec.II A contains some
uncertainties. In order to improve the accuracy of the
simulation, we need to investigate the aspects below:
(1) Vacuum pressure simulation. In order to estimate
the molecular adlayer growth rate, the vacuum pressure
distribution was also simulated by using an experimental
value measured at the middle of the vacuum duct. In
this simulation, it was assumed that the outgassing from
the vacuum duct surfaces was homogeneous. The actual
pressure distribution is expected to be different from this
calculation, owing to inhomogeneous outgassing from the
vacuum chamber surfaces and super insulators. Addi-
tionally, the inhomogeneous and unexpected tempera-
ture distribution of the cryogenic duct could possibly
change the vacuum pressure profile. These uncertainties
can vary the adlayer growth rate. In order to measure
the vacuum pressure inside vacuum chambers with better
accuracy, a vacuum pressure measurement based on an
optical cavity has been developed at NIST [34]. By ap-
plying this technique to KAGRA, the vacuum pressure at
each point of the beam duct and the cryostat can be mea-
sured. Finally, this measurement possibly leads to better
characterization of the adlayer formation on cooled mir-
rors in KAGRA.
7TABLE II. Fitting results
Sticking rate 27.1 ± 1.9 nm/day
Initial phase 0.81 ± 0.26 rad
Initial optical loss 17± 1.8 ppm
Refractive index (Real) 1.26 ± 0.073
Refractive index (Imaginary) 2.2 × 10−7 ± 1.26× 10−7
(2) Molecular reflection at the cryogenic parts: Typically,
the partial vapor pressure of water molecules at cryogenic
surfaces is quite low, and therefore the reflection at that
surface could be negligible. However, around 120 K, such
as in the KAGRA cryogenic ducts, molecules can be re-
leased within a finite time depending on the surface po-
tential depth. In order to evaluate this molecule release
effect, the physisorption energy depth of the KAGRA
cryogenic ducts surfaces should be measured, and the
conductance of the cryogenic ducts including the molec-
ular partial adsorption, or release in finite time, must be
included in the simulation.
In the above sections, we discussed the adlayer effects
based on the thin film theory. The entire optical loss was
considered as the result of absorption inside the adlayer.
However, the scattering caused by the surface roughness
can also be the source of an optical loss, and it can cause
troublesome noise known as “stray light noise” or “scat-
tering noise” in GWDs [35, 36]. Further theoretical and
experimental studies are needed to characterize the scat-
tering effects caused by an adlayer.
A. Possible reduction methods of molecular
adlayer formation
In order to maintain the sensitivity of KAGRA during
its observation, we need to mitigate the accumulation of
molecules and remove the accumulated molecules. Both
passive and active desorption methods are conceivable.
The passive reduction methods are as follows: (1) Better
vacuum condition in the room-temperature vacuum duct:
the molecular adlayer formation rate due to the molec-
ular transportation through the room-temperature vac-
uum duct is proportional to the vacuum pressure differ-
ence between the cryostat and the vacuum duct, as shown
by Eq.(4). In this experiment, the vacuum pressure at
the vacuum duct was relatively high and it caused rapid
adlayer formation. If it was a designed value (2.0× 10−7
Pa), we can expect the formation rate to decrease by ap-
proximately a factor of 50. (2) Longer cryogenic duct:
The solid angle of Ω from the center of the mirror to the
room-temperature region is calculated as:
Ω = 2pi
(
1− z√
z2 + r2
)
, (13)
where z is distance from the mirror to the edge of cryo-
genic duct and r is the radius of the duct. In the present
KAGRA case, the length of the cryogenic duct is 5 m
and the diameter is 270 mm. By applying these values
to Eq.(13), we can find that our cryogenic duct have ap-
proximately 2 msr of the solid angle for the 300 K region.
If we could use a cryogenic duct of length 30 m, the solid
angle would decrease to 0.2 msr, which has the same ef-
fect as a ten-fold reduction in the vacuum pressure from
the point of view of the injection rate of molecules to the
mirror surface.
To date, several active desorption methods have already
been studied and developed from the perspectives of vac-
uum engineering, surface material physics, and chemistry
[37, 38]. The photo-desorption method is one of these.
By illuminating the mirror surfaces with a laser beam
whose wavelength corresponds to the frequency of inter-
nal molecular vibrational motion, the internal mode can
be excited and finally the molecules can get enough en-
ergy to escape from the surface potential. Among the
internal vibrational modes of a H2O molecule, symmet-
ric and antisymmetric stretching vibrations have strong
absorption. The corresponding wavelength is approxi-
mately 3 µm at the cryogenic temperature [37]. In or-
der to remove the adsorbed molecules by this method,
the laser power density should be high and threshold
power density is estimated as 375 kW/cm2 [26] for the
3.0 µm of the wavelength. However, the high-power-
density laser would damage the coating. In order not
to damage the coating, by heating up the mirror slightly
and increase the energy of the molecules in advance, the
threshold power density to remove the molecules could
be decreased.
B. Impacts of the adlayer on KAGRA
It is important to consider how this molecular ad-
layer affects the sensitivity of KAGRA. We assume that
the formation of a molecular adlayer starts at the same
time and the accumulation speed is also same. The effect
of the molecular desorption is not taken into account in
the following estimations.
Shot noise and radiation pressure noise, called quantum
noise, will limit the sensitivity of KAGRA and next-
generation GWDs. A power recycling technique is in-
dispensable to improve the contribution of the shot noise
by enhancing the laser power inside the interferometers
[39, 40]. In power recycling techniques, it is important
to match the reflectance of a power recycling mirror with
that of the arm cavities. A power recycling gain (PRG),
which is defined as a ratio between the laser power before
and inside a power recycling cavity, is given by
G =
(
tprm
1− 1
2
rprm (rfpx + rfpy)
)2
, (14)
where tprm and rprm are the amplitude transmittance
and reflectance of the power recycling mirror, and rfpx
and rfpy are the amplitude reflectances of each arm cav-
ity. From Eq.(14), the power recycling gain is maxi-
mized when rprm = (rfpx + rfpy) /2, and actual GWDs
8are designed to satisfy this condition. In KAGRA, these
parameters are set as |tprm|2 = 0.1, |rprm|2 = 0.9,
|rfpx|2 = |rfpy|2 = 0.9, and G ∼ 10 [41]. Figure 9 shows
the reduction and oscillation of reflectance of the cryo-
genic mirrors in KAGRA due to the adlayer growth. In
this calculation, the formation of a molecular adlayer for
the end test mass (ETM) and the input test mass (ITM)
starts at the same time. Because the original reflectance
of the ETM is higher than that of the ITM, the ampli-
tude of reflectance oscillation of the ITM is larger than
that of the ETM. The reflectance of ETM decreases over
time due to the optical absorption inside the adlayer.
On the other hand, the reflectance of ITM does not de-
crease. This is because the ITM reflectance is lower than
the ETM reflectance, and the absorption of the adlayer
is not large enough to significantly reduce the ITM re-
flectance. The reflectance of the arm cavities increase
when the reflectance of the ITM decreases because the
reflectance of ETM is higher than that of ITM.
The reflectance oscillation shown in Fig.9 cause the PRG
and the finesse change. The changes of these parameters
vary the circulating laser power inside the interferometer,
especially at BS and inside the arm cavity. Fig.10 shows
the circulating laser power fluctuation at the beam split-
ter (BS) and inside the arm cavity induced by the PRG
and the finesse change. The laser power change at BS
directly implies the change of the PRG, and the laser
power change inside the arm cavity is induced by both of
the PRG and the finesse.
The quantum noise of a GWD without a signal recy-
cling cavity is given by
Squantum (ω, t) =
4~
mω2L2
(
1
K(t) +K(t)
)
, (15)
where
K(t) = 16picI0(t)
mλL2ω2(γ2(t) + ω2)
. (16)
Here, ~, I0 and L are Dirac’s constant, the input power
to a BS and the length of the arm cavity, respectively. γ
is an arm cavity 1
2
-bandwidth, which is given by [42]
γ(t) =
cTITM(t)
4L
, (17)
where TITM is the power transmittance of the ITM. For
the actual quantum noise calculation with a signal recy-
cling cavity, Eq.(5.13) in Ref.[43] was applied. Figure 11
shows the quantum noise calculated using the parame-
ters in Ref.[41]. The red solid line shows the designed
quantum noise of KAGRA and the gray area shows the
quantum noise fluctuation induced by the adlayer on the
cryogenic ITM and ETM. The shot noise sometimes im-
proves and at other times gets worse. On the other hand,
the radiation pressure noise is improved over time. This
is because the shot noise is determined by the laser power
at BS, but the radiation pressure noise is determined by
the laser power inside the arm cavity.
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FIG. 9. Reflectance oscillations of ITM (top), ETM (mid-
dle), and the arm FP cavity (bottom) of KAGRA due to
the molecular adlayer by using the parameters in Table II. In
this calculation, the formation of a molecular adlayer for the
ETM and ITM starts at the same time. Because the original
reflectance of the ETM is higher than that of the ITM, the
amplitude of reflectance oscillation of the ITM is larger than
that of the ETM. The reflectance of ETM decreases over time
due to the optical absorption inside the adlayer. On the other
hand, the reflectance of ITM does not decrease. This is be-
cause the ITM reflectance is lower than the ETM reflectance,
and the absorption of the adlayer is not large enough to sig-
nificantly reduce the ITM reflectance. The reflectance of the
arm cavities increases when the reflectance of the ITM de-
creases because the reflectance of ETM is higher than that of
ITM.
As a result of the quantum noise fluctuation, the inspi-
ral range is also changed. The inspiral range of KAGRA
for 1.4M⊙ binary neutron star system is calculated us-
ing Eq.(19) in Ref.[41]. Figure 12 shows the calculated
inspiral range of KAGRA. In this calculation, the seis-
mic noise, the mirror and suspension thermal noise and
quantum noise are taken into consideration. Here we
assume that the molecular adlayer affects only the quan-
tum noise, namely the fluctuation of the inspiral range
is caused only by the quantum noise. Before the adlayer
formation, the inspiral range is about 127 Mpc with sig-
nal recycling. However, during the operation, inspiral
range worsens gradually and decreases to about 115 Mpc
on average. In other words, the detection rate of gravi-
tational waves possibly decreases about 30% on average
after 1 year operation.
At last, it is meaningful to mention the impact of the ad-
layer on the optical absorption. The changes of the sev-
eral parameters could change the temperature of ITMs
and ETMs because of the absorption of the substrate,
the coating, and the adlayer. The absorption of the
substrate σsubs and the coating σcoat is assumed about
σsubs = 750ppm and σcoat = 0.3ppm at the 1064 nm of
the wavelength [7], respectively. The absorption coeffi-
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FIG. 10. Circulating laser power oscillation induced by the
adlayer. For this calculation, 80 W of the laser power was
assumed as the input power to the power recycling cavity.
The reflectance change shown in Fig.9 cause the PRG and the
finesse oscillation. The changes of these parameters vary the
circulating laser power inside the interferometer, especially
the laser power at BS and inside the arm cavity. The laser
power change at BS directly implies the change of the PRG,
and the laser power inside the arm cavity is affected by both
PRG and the finesse.
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FIG. 11. The quantum noise in KAGRA. The red solid line
shows the designed quantum noise of KAGRA and the gray
area shows the quantum noise fluctuation induced by the ad-
layer on the cryogenic ITM and ETM. The shot noise some-
times improves and at other times gets worse. On the other
hand, the radiation pressure noise is improved over time. This
is because the shot noise proportional to the laser power at
BS, and the radiation pressure noise proportional to the laser
power inside the arm cavity.
cient of the adlayer α is defined as:
α = 4pi
Im(N)
λ
, (18)
where N is the complex refractive index of the adlayer.
It is calculated using the measured imaginary part of re-
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FIG. 12. The calculated inspiral range of KAGRA. In this cal-
culation, the seismic noise, the mirror and suspension thermal
noise and quantum noise are taken into consideration. It is
supposed that the fluctuation of the inspiral range is caused
only by the quantum noise. Hence, the temperature fluctu-
ation of ITM induced by the circulating laser power is not
considered.
fractive index as α = 2.60 1/m. The laser power I inside
the adlayer at distance z from the surface is described as
I(z) = I0 exp (−αz), and the absorption of the adlayer
σad is defined as :
σad = (1− exp (−αz)). (19)
The input heat to the ITM QITM and the ETM QETM
due to the light absorption are approximated as :
QITM ∼ PBS
2
(σsubs + σad) + PFP (σcoat + σad) , (20)
QETM ∼ PFP (σcoat + σad) , (21)
where PBS and PFP are the circulating laser power at
the BS and inside the arm cavity. In the Eq.(20) and
(21), we ignored the absorption of the substrate for the
ETM and the absorption of the antireflection coating
for both of test masses. Figure 13 shows the calculated
total input heat to the test masses. The radiation from
the beam ducts and the absorption of the substrate, the
coating, and the adlayer are taken into account. After
one year of the operation, the laser power at BS and
inside the arm cavity decrease to PBS ∼ 700 W and
PFP ∼ 275 kW, respectively. On the other hand, the
adlayer grows up to about 10 µm and it would absorb
about 25 ppm of the circulating laser power. The input
heat to the test masses is considered to be more than
QITM ∼ QETM ∼ 7 W. These large heat injection warm
the test masses up. When the temperature of the test
mass increase, the sticking probability of molecules to
the test mass decrease and the number of molecules
which get out from the adlayer increase. Finally, it
would be the adsorption-desorption equilibrium state.
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Then, the adlayer growing will stop and the input heat
to the test mass will not increase any more. In order to
determine the desorption rate and the thickness of the
adlayer at the equilibrium state, the measurement of the
surface potential depth is required.
The next generation GWDs are focusing on the longer
wavelength of the laser, such as 1550 nm and 2000 nm.
The absorption of the LDA state of water molecules at
these wavelengths is considered to be much higher than
1064 nm of the laser [19]. The absorption of the adlayer
can be a big problem. On the other hand, the higher
temperature of the test mass, such as 120K, can decrease
the thickness of the adlayer at the adsorption-desorption
equilibrium state.
From the point of the view of the thermal noise, the
calculation of the thermal response of the suspension
system to the heat injection for the test mass have to be
studied. Furthermore, the adlayer itself can be a source
of the thermo-optic noise [44]. The multilateral study
is required for the understanding of the impacts of the
adlayer on the cryogenic GWDs.
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FIG. 13. The calculated total input heat to the test masses.
The radiation from the beam ducts and the absorption of
the substrate, the coating, and the adlayer are taken into
account. After one year of the operation, the laser power at
BS and inside the arm cavity decrease to PBS ∼ 700 W and
PFP ∼ 275 kW, respectively. On the other hand, the adlayer
grows up to about 10 µm and it would absorb about 25 ppm
of the circulating laser power. The input heat to the test
masses is considered to be more than QITM ∼ QETM ∼ 7 W.
VI. CONCLUSION
We measured the molecular adlayer formation on a
cold mirror using a high-finesse optical cavity in a KA-
GRA cryostat. The adlayer formation speed was evalu-
ated by simulation and an experiment. Although there
is a difference between the expectation from the simu-
lation and the experimental results, the difference could
arise from the uncertainty of the vacuum level setting or
inhomogeneous outgassing. The effect of a molecular ad-
layer on the optical coating was discussed based on the
thin film coating theory and the experimental results. A
molecular adlayer will change the mirror reflectance and
it causes the circulating laser power fluctuation inside
the interferometer. The fluctuation of these parameters
cause the quantum noise fluctuation, and finally, the in-
spiral range for the 1.4M⊙ binary neutron star system
worsens about 30% on average after one year of oper-
ation. Furthermore, this adlayer possibly causes other
significant problems, such as worse thermal noise and dif-
ficulty of control of interferometer. The characterization
of the molecular desorption is much important to esti-
mate the impacts of the adlayer on the cryogenic GWDs.
To compensate for the molecular accumulation and to re-
move the accumulated molecules on a cold mirror, some
methods were discussed. These methods need further
measurements and study to confirm their efficiency and
stability. In order to archive high sensitivity and stable
operation with cryogenic GWDs, these types of problems
have to be solved.
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